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Quantum Information Processing Elements and 
Quantum Information Processing Platforms Using Such Elements 

Field of the Invention 

0001 The invention relates generally to the field of quantum computers, and more 
specifically, in one embodiment, to quantum information processing (QIP) elements formed 
from self-assembling protein molecules. In another embodiment, the invention relates to a 
quantum information processing platform, such as a quantum computer platform, biomedical 
platform, telecommunication platform and the like, using such elements. 

Background of the Invention 

0002 Classical computers operate using classical physics principles and include transistors, 
semiconductors, and integrated circuit technology. In order to achieve greater speed and 
capability, classical computers increasingly use smaller and smaller wires and logic gates on the 
order of microns wide. As classical computer chips reach the nanometer scale and logic gates 
consist of a few atoms, classical limits are approached, and quantum mechanical principles and 
phenomena begin to dominate. This physical limit presents a barrier to the speed with which 
computations may be carried out by a classical computer. 

0003 Quantum computing utilizes the principles of quantum physics, rather than classical 
physics, to store and manipulate data, and operates on two principles having no corollary in 
classical physics: superposition and entanglement. Just as a binary digit, or "bit," is the basic 
unit of information in a classical computer, a quantum bit, or "qubit," is the basic unit of 
information in a quantum computer. A qubit generally is a system that has two degenerate 
quantum states. Unlike a classical bit, which exists in one of two states (0 or 1), the qubit can 
exist in a superposition of both of its degenerate states. As a result, a quantum computer 
comprised of N qubits can undertake 2 N computations in a single step. Thus, as more qubits are 
added to a quantum computer, the computing power increases exponentially. 

0004 The superposition or "coherence" state of a qubit is difficult to maintain because 
interactions with the surrounding environment cause the qubit to rapidly decay into a classical or 
"decoherent" state, which destroys the qubit's ability to perform computations. Therefore, a 
primary obstacle to building a viable quantum computer is maintaining the qubit in its coherent 
state long enough to do useful work. 



0005 Entanglement refers to pairs of particles that have interacted at some point in the past. 
Entangled particles that are spatially isolated remain related. More particularly, the state of both 
particles of an entangled pair is always simultaneously determined. For example, measurement 
of a first particle of an entangled pair collapses the first particle's wave function into a single 
observable quantity and simultaneously determines the observable state of the second particle of 
the entangled pair. Pauli's exclusion principle prevents both particles of the entangled pair from 
occupying the same state. Thus, if one particle of the pair is determined to have a logic 1 state, 
the other must have a logic 0 state. 

0006 Several quantum information processing (QIP) systems for use in quantum computers 
are known. Each of these systems, however, has distinct disadvantages. One system uses well- 
established nuclear magnetic resonance (NMR) techniques to store and read information from 
the degenerate nuclear spin states of molecules in solution. Such a system has been used to 
complete basic mathematical functions, such as factoring the number 15. However, a NMR- 
based quantum computer requires a large number of molecules in solution to complete even 
relatively simple functions, and the system suffers from an attenuated signal-to-noise ratio as the 
number of molecules increases. Thus, the complexity of calculations that a NMR-based 
quantum computer is capable of carrying out may be limited. 

0007 Another QIP system uses a C 6 o Fullerene molecule in which an atom or molecule 
having an unpaired electron is encased, creating an endohedral Fullerene, and encodes data in the 
spin states of the unpaired electrons using electron spin resonance (ESR) techniques. However, 
charge transfer from the enclosed atom or molecule to the Fullerene cage often rapidly occurs, 
which leads to quantum decoherence and loss of the information encoded in the unpaired 
electron. Charge transfer to the Fullerene cage also limits the make up of atoms and molecules 
that may be enclosed. In addition, the relatively small size of the Fullerene cavity limits the 
types of atoms and molecules that may be enclosed. Furthermore, inserting an atom or molecule 
inside the cavity of a Fullerene molecule is difficult, and the success rate for the uptake of these 
cargo elements is poor. These factors, coupled with the high cost of the materials needed to 
fabricate doped Fullerene molecules, limit the potential size and computing power of a 
Fullerene-based quantum computer. 

0008 An alternative QIP system utilizes an electromagnetic ion trap to store and manipulate 
ions. Information is encoded by manipulating the electronic state of the trapped ion's valence 
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electrons. However, ion trap systems must operate at extremely low temperatures to maintain 
quantum coherence long enough to be useful, thus requiring an elaborate cooling system. 

0009 Other QIP systems make use of "quantum dots" which include small amounts of a 
semiconducting material enclosed within another semiconducting material. Information is 
encoded in the quantum dot by manipulating the energy state of particles within the enclosed 
semiconducting material. Existing QIP systems involve embedding several quantum dots in a 
solid-state microdisk. However, the excess microdisk material that surrounds the quantum dot 
contributes to contaminating background radiation and shortened coherence times, which 
degrades the performance of the system and limits the scale of a quantum dot-based quantum 
computer. 

0010 Semiconductor-based QIP systems typically involve a "top down" assembly 
approach, and employ some form of lithography and replication. Top down approaches can be 
time consuming, expensive and wasteful of materials. 

0011 Thus, there exists a need for an improved QIP element that avoids the shortcomings 
of conventional designs. 

Summary of the Invention 

0012 The invention, in one aspect, remedies the deficiencies of the prior art by providing a 
nanoscale quantum information processing (QIP) element, which may be employed in a scalable 
quantum information processing platform. A platform according to the invention may be used 
for example in quantum computing, quantum networks, and quantum cryptography. 

0013 In one embodiment, the QIP element is formed from one or more cargo elements 
contained within a self-assembling protein cage. In some configurations, cargo elements include 
one or more qubits. In other embodiments, the cargo elements are exclusively non-qubit cargo 
elements. One advantage of the invention is that it inhibits charge transfer between the cage and 
its enclosed qubits. An advantage of inhibiting charge transfer is that it reduces limitations on 
the make up of enclosed cargo elements. According to one feature, the QIP element is formed 
using a "bottom-up" fabrication approach. According to such an approach, various self- 
assembling and self-directed approaches are employed. Using such an approach, the QIP 
platform can be formed from the ground up, one element at a time, for highly specific nano-scale 
tasks. Another advantage of the "bottom-up" fabrication approach is that it reduces the amount 
of superfluous material that surrounds each qubit within the cavity, reducing the qubit's exposure 



3 



to contaminant background radiation and thereby improving the functional effectiveness of a 
qubit. A further advantage of the bottom-up self-assembly of the QIP element is that it enables 
the ordered placement of qubits with minimal inter-qubit spacings, thus avoiding a significant 
drawback to the use of endohedral Fullerenes and also other prior art QIP approaches, such as 
precise ion implantation through masks, and manipulation of single atoms on the surface of 
silicon. 

0014 A further advantage of the invention is that it provides a structure that maintains 
quantum coherent states long enough to do useful work. In addition, the invention can maintain 
quantum coherent states at room temperature, which eliminates the need for elaborate cooling 
mechanisms. In one embodiment, the cavity defined by the cage is larger than those described in 
the art, so the invention can incorporate a larger variety and number of cargo elements. 
According to another feature, the proteins that form the cage can be bio-engineered using 
commercially-available biotechnology tools to contain different cargo elements, which makes 
the invention more versatile and cost-effective than the existing art. Unlike existing systems 
where the cargo elements must be inserted into an existing structure, the invention, in one 
embodiment, provides individual protein molecules that self-assemble around the cargo elements 
to form the cage, which makes the addition of cargo elements easier. 

0015 In general, in one aspect, the invention features a QIP element that includes a cage 
defining a cavity in which one or more cargo elements are located. The cage is formed from a 
plurality of self-assembling protein molecules. In a further embodiment, at least one of the cargo 
elements is or includes a qubit that is programmable into a plurality of logical states. 

0016 In various embodiments of the invention, the cage is substantially larger than one 
nanometer in diameter, including sizes that can exceed about 50 or even about 100 nanometers in 
diameter. According to one embodiment, the self-assembling cage is a functional substitute for 
Ceo, Cgo, and other types of Fullerene cages, including endohedral Fullerenes. Furthermore, 
Fullerenes may be carried as ordered cargo within the self-assembling protein cage. 

0017 The relatively large size of the cage, as compared to the existing art, allows for a 
wider variety of possible cargo elements, which enables the invention to store and read 
information using a variety of techniques known in the art, including, but not limited to, electron 
spin resonance (ESR), nuclear magnetic resonance (NMR), quantum and photonic dots, efficient 
linear-optical quantum computing, and electromagnetically induced transparency techniques. 
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0018 Preferably, the cage has an icosahedral geometry. In some embodiments the cage is 
symmetric with respect to a plane. In one embodiment, ordered qubits are linearly positioned at 
vertices along a single plane using circulant ordering. In one particular embodiment, the self- 
assembling protein molecules that make up the cage are clathrin molecules, which may be 
biologically engineered. 

0019 According to one embodiment, a qubit cargo element contains an unpaired electron, 
and the plurality of logical states into which the qubit can be programmed is defined, for 
example, by the spin polarization of the unpaired electron, or by the valence state of the unpaired 
electron. One example of this embodiment is a molecule containing a free radical, such as 
nitroxide. In an alternative embodiment, the plurality of logical states into which the qubit can 
be programmed are defined by the nuclear spin polarization of particular atoms within the qubit. 
In another alternative embodiment, the qubit is photon-based, and the plurality of logical states 
into which the qubit can be programmed is defined by the polarization of the photons emitted by 
the qubit. 

0020 According to one application, the qubit can be programmed into one of a plurality of 
logical states by one or more pulses of electromagnetic energy. The frequency of the 
electromagnetic energy may be, for example, in the radio frequency region, the UHF region, or 
the microwave region. 

0021 In some configurations, the cage contains a single cargo element, while in other 
configurations it contains multiple cargo elements. In some cases, each of the cargo elements is 
or includes a qubit that is programmable into a plurality of logical states. Alternatively, some of 
the cargo elements are or include non-qubit elements. 

0022 According to one feature, the cargo elements may include one or more therapeutic or 
diagnostic agents. Such agents may be, for example, nano-structured and/or may include 
chemical, biological and/or metallic materials. The agents may be or include organic or 
inorganic materials or a combination thereof. 

0023 According to another feature, one or more cargo elements may be or include 
nanoscale diagnostic devices, biosensors, and/or prostheses, in any qubit/non-qubit combination. 
Some or all of the qubit and non-qubit cargo elements may operate under the control and 
influence of other QIP elements, and altogether may comprise a scalable quantum information 
processing platform for QlP-based biomedicine. 
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0024 According to one illustrative configuration, one or more non-qubit cargo elements 
that interfere with qubit programmability and/or induce quantum decoherence if carried in the 
same protein cage as a qubit cargo element is instead carried in a separate QIP element protein 
cage that exclusively carries non-qubit cargo elements, thereby inhibiting disruptive cargo 
interference with QIP operations. Such non-qubit-only cages may be functionally or physically 
linked with other QIP element cages carrying programmable qubit cargo elements. 

0025 In another aspect, the protein cage features no elements at all. According to one 
embodiment, empty self-assembling cages include highly ordered scaffolding and a charge 
transfer limiting substrate material for self-assembling multi-layer, multi-QIP element systems, 
In another embodiment, empty cages also may facilitate the self-aligning of cargo carrying QIP 
elements with respect to one another. 

0026 As a general aspect, a QIP element and its qubit and non-qubit cargo elements may 
take any suitable form, and multiple QIP element embodiments may be further combined in any 
suitable manner to create multifunction, scalable quantum information processing platforms. 

0027 The QIP element, in one configuration, includes receptor molecules for capturing and 
ordering the placement of the cargo elements inside the cage. 

0028 The QIP element also includes adapter molecules disposed between the receptor 
molecules and the cage to couple the receptor molecules to the cage inside the cavity. 

0029 In another QIP element configuration, molecular or chemical bonding is used to 
attach directly cargo elements to the cage in an ordered arrangement. In other QIP element 
configurations, a short molecular tether is used to attach cargo elements to the cage in an ordered 
arrangement. In other QIP element configurations, receptors, molecular tethers, and direct 
bonding are used in combination to attach and orderly position cargo elements within the cage. 

0030 In some configurations, the QIP element includes a vesicle located within the cage, 
with one or more cargo elements located within the vesicle. In such a configuration, receptor 
molecules extend through the vesicle to capture and order one or more cargo elements within the 
vesicle. According to one embodiment, the vesicle is protein-based. According to a feature of 
this embodiment, the protein-based vesicle inhibits charge transfer between the vesicle and its 
enclosed cargo elements. 

0031 In another configuration, cargo elements within a vesicle may not be attached to 
receptors, and the cargo may be free floating within the cavity of a non-permeable vesicle, for 



6 



example, in an encapsulated fluid or gas. In other configurations, both the self-assembling cage 
and vesicle may be devoid of cargo. According to one feature, the cage, cargo elements within 
the cage, and/or a vesicle within the cage including its cargo elements, respond to certain 
external and/or internal stimuli, which can be, for example, mechanical, chemical, biological, 
photonic, sonic, thermal, or electrical in nature. An example of such a stimulus response is 
deformation of the geometry of a cargo element within a cage, deformation of a vesicle within a 
cage, and/or deformation of the cage itself. 

0032 In general, in another aspect, the invention features a scalable QIP platform that 
includes one or more embodiments of the QIP elements described above. Preferably, the 
scalable QIP platform also includes an encoder for programming the qubits of at least a subset of 
the quantum processing elements, and a decoder for reading information from the qubits of at 
least a subset of the quantum processing elements. 

0033 In general, in another embodiment, a QIP element and a QIP platform may be 
physically and/or functionally cooperative with other suitable types or forms of materials, 
substances, components, devices, or systems, in vitro and/or in vivo. 

0034 In general, in a further aspect, the invention is directed to a method of forming a QIP 
element, including the steps of forming in vitro from self-assembling protein molecules, such as 
clathrin molecules, a cage defining a cavity, and locating one or more cargo elements within the 
cavity. In one embodiment, the method includes locating at least one qubit, programmable into a 
plurality of logical states, within the cavity. 

0035 In general, in another aspect, the invention is directed to a method of forming a 
scalable quantum information processing platform, including the steps of providing one or more 
embodiments of the QIP elements described above, programming the qubits included in one or 
more QIP elements using an encoder, and reading information from the QIP elements using a 
decoder. 

Brief Description of the Drawings 

0036 The foregoing and other aspects of the invention may be more fully understood from 
the following description, when read together with the accompanying drawings in which like 
reference numbers indicate like parts. 

0037 Figure 1 is a conceptual cross-sectional view of a quantum information processing 
(QIP) element according to an illustrative embodiment of the invention. 
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0038 Figure 2 is a conceptual diagram depicting a clathrin triskelion of the type employed 
in an illustrative embodiment of the invention. 

0039 Figure 3 is a computer generated frontal view of an actual clathrin protein cage, 
formed according to an illustrative embodiment of the invention. 

0040 Figure 4 is a flow diagram depicting conceptually the formation of a QIP element in 
vitro according to an illustrative embodiment of the invention. 

0041 Figure 5 is an exemplary energy level diagram illustrating the energy levels 
associated with a hyperfme interaction between electron and nuclear spin in the presence of 
magnetic fields. 

0042 Figure 6 is a simplified block diagram of a quantum computer employing protein- 
based QIP elements according to an illustrative embodiment of the invention. 

0043 Figure 7 is a block diagram depicting an illustrative embodiment of the quantum 
input/output module of Figure 6. 

0044 Figure 8 is a block diagram depicting an exemplary encoder and decoder of the type 
employed by an input/output module of Figure 6. 

0045 Figure 9 is a schematic diagram illustrating a logic arrangement for nondestructively 
measuring a qubit. 

0046 Figure 10 is a block diagram depicting an illustrative embodiment of the quantum 
processor of Figure 6. 

0047 Figure 1 1 is a schematic diagram of a two-qubit XOR or controlled-NOT gate of the 
type employed in an illustrative embodiment of the invention. 

0048 Figure 12 is a schematic diagram of a three-qubit universal reversible logic gate 
known as a Toffoli gate of the type employed in an illustrative embodiment of the invention. 

0049 Figure 13 is a conceptual diagram depicting an illustrative chain of clathrin cages 
within the quantum processor of Figure 6. 

0050 Figure 14 is a flow diagram depicting exemplary steps performed by the quantum 
processor of Figure 6 to perform quantum operations according to an illustrative embodiment of 
the invention. 

0051 Figure 15 is a block diagram depicting an illustrative embodiment of the quantum 
memory of Figure 6. 
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0052 Figure 16 is a block diagram depicting illustrative states of the quantum memory of 
Figure 6. 

0053 Figure 17 as a schematic representation of quantum wires enabling clathrin cages to 
communicate according to an illustrative embodiment of the invention. 

Description of the Illustrative Embodiments 

0054 Figure 1 is a conceptual cross-sectional view of a quantum information processing 
(QIP) element 100, according to an illustrative embodiment of the invention. The QIP element 
100 includes one or more cargo elements 102a-102f, a plurality of receptor molecules 104a-104f, 
a plurality of protein molecules 106a-106f formed into a cage 106, and a plurality of adapter 
molecules 108a-108f. The protein molecules 106a-106f self-assemble in vitro to form the cage 
106 that defines a cavity 112. 

0055 As shown, the receptor molecules 104a-104f each bond with a respective cargo 
element 102a-102f, and the adapter molecules 1 08a- 108f bond the receptor molecules 104a-104f 
to the protein molecules 106a-106f, respectively. The bonding may be either covalent or non- 
covalent - the latter type including ionic interactions, hydrophobic interactions, or hydrogen 
bonds - depending on the application, system design, receptor design, cargo type and/or the 
interaction/application environment. Some G protein-coupled receptors (GPCRs) use covalent 
bonds, which are individually strong (e.g., it takes energy to break the covalent bond). In some 
instances, the clathrin molecule attaches covalently to the solution termini of alkanethiol SAMs 
via covalent bonding. In other illustrative embodiments, electrostatic (ionic) bonding may be 
employed. 

0056 Most GPCRs do not form covalent bonds with their ligand when bound in the 
receptor. Noncovalent interactions are individually weak but collectively strong, such as with a 
substantial number of noncovalent interactions working together to hold a structure together, or a 
surface topography that enables substantial areas of two interacting surfaces to approach each 
other closely. Ligands generally bind to receptors via ionic, hydrophobic hydrogen and van Der 
Waal bonds. 

0057 Cage 106 can be naturally occurring or biologically engineered and/or can use 
synthetic proteins in whole or in part. Also, the receptor molecules 104a-104f can be naturally 
occurring or biologically engineered and/or can use synthetic proteins in whole or in part to 
recognize specific cargo elements 102a-102f. Likewise, the adapter molecules 108a-108f can be 
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naturally occurring or biologically engineered and/or can use synthetic proteins in whole or in 
part to recognize and couple to particular receptor molecules 104a-104f. 

0058 Optionally, the protein cage 106 forms to enclose (e.g., to "coat") a vesicle 110 within 
the cavity 1 12. ARF-GTP, appropriate lipids, and cytosolic factor(s) are used for AP-1 clathrin 
coated vesicle assembly. Recruitment of AP-1 (Assembly Polypeptides) onto liposomes is ARF- 
dependent and facilitated by cytosolic ARF Guanine Nucleotide-Exchange Factor (GEF). Lipid 
composition is important and modulates ARF and AP-1 binding. The vesicle 1 10 can be formed, 
for example from naturally occurring membrane material, such as L-a-Phosphatidylinositol-4,5- 
bisphosphate or from synthetic membrane materials, such as a fully synthetic liposome like one 
containing DOPC DOPE cholesterol or from a mixture of both, for example, from synthetic 
lipids such as L-a-Phosphatidylcholine (PC) from soybeans containing 20% PC (Sigma P5638). 

0059 The adapter molecules tether the vesicle 1 10 to the cage 106. The adapter molecules 
108a-108f, in turn, bond to receptor molecules 1 04a- 104f disposed around the periphery of the 
vesicle 110. According to the illustrative embodiment, the receptor molecules 104a-104f extend 
through the vesicle 1 10 to capture the cargo elements 102a-102f. 

0060 In one illustrative embodiment, the self-assembling protein molecules 106a-106f are 
clathrin molecules, and the clathrin cage 106 can be of any suitable size. According to the 
illustrative embodiment, the clathrin cage 106 has a diameter greater than about one nanometer. 
In various other illustrative embodiments, the clathrin cage 106 can have a diameter between 
about one nanometer and about fifty nanometers, a diameter between about fifty nanometers and 
about one hundred nanometers, or a diameter greater than about one hundred nanometers. The 
vesicle 110 may have any suitable size, such that its diameter is less than that of the clathrin cage 
106. 

0061 In another illustrative embodiment, the cargo elements 102a-102f or the vesicle 110 
include an asymmetric resonant cavity (ARC) high-Q ("whispering gallery mode") nanolaser. 

0062 The highest Q optical resonators are dielectric microspheres or nanospheres in which 
the high Q modes are created by a total internal reflection of light circulating just inside the 
sphere. These high Q modes are known as whispering gallery modes or alternatively as 
morphology-dependent resonances. If the dielectric is a liquid droplet containing an appropriate 
dye then the droplet acts as a high Q micro- or nano-resonator to support lasing action when 
optically pumped. 



10 



0063 The Q factor within the microsphere or nanosphere remains high up to a critical 
deformation and then decreases rapidly. Beyond this critical deformation, the laser light 
emission from the deformable microcavity or nanocavity becomes highly directional and 
controllable. This ray optics model for deformable droplets has evolved to generally describe the 
spoiling of the high-Q (whispering gallery) modes of deformable ring-shaped cavities as they are 
deformed from perfect circularity. A sharp threshold has been found for the onset of Q-spoiling 
as predicted by the KAM theorem of non-linear dynamics. Beyond a critical deformation the 
escaping light emerges in certain specific directions that may be predicted. The deformations 
considered can be quite large, ranging from 1-50% of the undeformed radius, assuming that they 
maintain the convexity of the cavities. Such "asymmetric resonant cavities" (ARC) possess 
unique advantages, such as: 

1 . The ability to tune the Q-value and resonant frequency of the ARC by appropriate 
deformations. 

2. When deformed in situ, designing a Q-s witched ARC laser. 

3. The ability to couple a high-Q/WG mode out of the ARC with strong directionality. 

0064 In one illustrative ARC nanolaser embodiment, a dyed droplet with or without 
additive scattering particles is carried within cargo elements 102a-102f that are designed to be 
cavity forming and non-permeable, and/or the droplet is carried within a cavity forming, non- 
permeable vesicle 1 10 within cage 106. Forces, for example, photonic, mechanical, fluidic, 
thermal, sonic, or electromagnetic, but not limited to such, deform the cavity forming cargo 
elements 102a-102f and/or deform the cavity forming vesicle 1 10 within the cage 106. 
Accordingly, the dyed droplet carried within the cavity deforming cargo elements 102a-102f 
and/or carried within cavity deforming vesicle 1 10 is also deformed, and the so deformed droplet 
becomes a deformable high-Q optical resonator. Photons resonate within the deformed droplet 
cavity carried inside cargo elements 102a-102f and/or carried inside within the vesicle 1 10 
within the clathrin cage 106. At critical deformations that tune the Q-value and resonant 
frequency of the droplet cavity, lasing occurs, and stimulated light emissions from the droplet are 
released in a highly directional and controlled manner from the droplet and escape from vesicle 

1 10, and or escape from cargo elements 102a-102f, and or escape from cage 106. 
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0065 The result is a Q-switched ARC droplet nanolaser that provides a room temperature, 
ultralow-threshold, highly controllable, strongly directional, ultrabright laser light source device 
that operates at the nanoscale, and also features the capability to store light. 

0066 An alternative illustrative embodiment of the ARC nanolaser uses a cavity forming 
vesicle 110 and/or cavity forming cargo elements 1 02a- 102f located within cage 106, but 
substitutes the dyed liquid droplet with an "ARC photonic dot", which is comprised of one or 
more quantum dots contained in the high-Q three-dimensional nanocavity of vesicle 1 10 or cargo 
elements 102a-102f. Selectable quantum dot energy level emissions and/or vesicle 1 10 cavity 
deformation, and/or cargo elements 102a-102f cavity deformation, precisely excite the 
whispering gallery modes in the cavity forming vesicle 110 and/or in the cavity forming cargo 
elements 102a-102f. 

0067 At various calculated critical deformations of the cavity forming vesicle 1 10 and/or 
the cavity forming cargo elements 102a-102f, and/or at specific quantum dot energy emissions 
that may also assist in tuning the Q-value and resonant frequency of the ARC photonic dot, 
lasing occurs and stimulated light emissions from the ARC photonic dot are released in a highly 
directional and controlled emission manner from the vesicle 1 10, the cargo elements 102a-102f 
and/or the cage 106. The Q-switched ARC photonic dot provides a room temperature, ultralow- 
threshold, highly controllable, ultrabright laser light source device that operates at the nanoscale, 
and also features the capability to store light. 

0068 In another ARC laser embodiment, a droplet ARC nanolaser and a photonic ARC 
nanolaser are combined to create a hybrid droplet/photonic dot ARC nanolaser. 

0069 Optical pumping of the dyed droplet and excitation of the quantum dot is done 
through methodologies known in the art. Outgoing light from the vesicle 1 10, cargo elements 
102a-102f and/or cage 106 can be directed and controlled through methodologies also known in 
the art. 

0070 In one illustrative embodiment, highly controllable ARC nanolasers, droplet based 
and/or photonic-based, are a regulated source of photons for use in quantum computing and 
quantum cryptography. 

0071 In another illustrative embodiment, highly controllable ARC nanolasers, droplet 
based and/or photonic-based, with broad and continuous tunable wavelength and ultra low 
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threshold are a light source for use in wavelength division multiplexing, optical fiber 
communications, and free-space optical interconnects. 

0072 In one embodiment, highly controllable ARC nanolasers, droplet based and/or 
photonic-based, with broad and continuous tunable wavelength are a light source for use in ultra 
bright, ultra low power human- and machine-readable displays. 

0073 In another embodiment, highly controllable ARC nanolasers, droplet based and/or 
photonic-based, are used for light and/or information storage. 

0074 Another embodiment of highly controllable ARC nanolasers, droplet based and/or 
photonic-based s constitutes an ultra bright ultra low power light source for use in medical 
diagnosis, therapy, and prosthesis, in vivo and/or in vitro. 

0075 In another illustrative embodiment, highly controllable ARC nanolasers, droplets 
based and/or photonic-based, are broad and/or narrow spectrum sensors. 

0076 In another illustrative embodiment, highly controllable ARC nanolasers, droplet 
based and/or photonic-based, utilize solar energy as an excitation and or optical pumping source 
for use in high efficiency solar cells. 

0077 In one embodiment, highly controllable ARC nanolasers, droplet based and/or 
photonic-based, with strongly directional ultra bright light output are a source of highly steerable 
and directed photonic energy. 

0078 Figure 2 is a conceptual diagram depicting a basic unit of clathrin, a three-armed 
pinwheel structure called a triskelion 200. The filamentous portion of a clathrin triskelion leg is 
formed by a continuous superhelix. Clathrin is composed of three polypeptides, three 190 kDa 
subunits ("heavy chains") and three 24-27 kDa subunits ("light chains"), which combine to 
create a distinct three-legged triskelion 200. It is this morphology that allows clathrin to form its 
unique polyhedral network. The three-arms 202a-202c extend radially from a hub section 208. 
Each arm 202a-202c includes one heavy chain section 204a-204c, respectively, and one light 
chain section 206a-206c, respectively. The heavy chain sections 204a-204c are relatively 
flexible and can adopt different geometry's within the clathrin cage 106. In one illustrative 
embodiment, the clathrin triskelia 200 are biologically engineered to modify and/or enhance the 
properties of the heavy chain sections 204a-204c, including the heavy chain terminal domain 
that provides multiple interaction sites for the variety of adaptor proteins that bind ligands. 
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0079 In another illustrative embodiment, the clathrin triskelia 200 are biologically 
engineered to modify and/or enhance the clathrin light chain section 206a-206c located proximal 
to the center of clathrin triskelion 200 to accept free radical molecules such as nitroxide molecule 
spin labels for ESR-based QIP applications. In the case of nitroxide, the molecules are attached 
to a short molecular tether to clathrin light chain section 206a-206c by cysteine substitution 
mutagenesis, followed by reaction of the unique cysteine with a specific molecular spin label. 

0080 In another embodiment, no molecular tether is involved and a free radical molecule 
may be attached directly to cage 106. In another embodiment, a free radical molecule may be 
attached to receptors 104a-140f. 

0081 Clathrin networks are formed when several triskelia of the type depicted in Figure 2 
associate together to form a lattice or cage 300, as illustrated by Figure 3. The clathrin cage 300 
includes a symmetrical pattern of hexagons 302 and pentagons 304. In the illustrative 
embodiment, the clathrin cage 106 has icosahedral geometry. 

0082 As mentioned above, naturally in vivo occurring clathrin cages 106 assemble around 
membranes to form vesicles. Referring again to Figure 1, the adapter molecules 108a-108f 
couple clathrin proteins 106a-106f to receptor molecules 104a-104f disposed around the 
periphery of the vesicle 1 10. According to the illustrative embodiment, the clathrin cage 106 is 
formed around the vesicle 110 m vitro using synthetic, natural, or mixed lipid monolayers or 
bilayers and purified receptor 104a-104f and adapter 1 08a- 108f molecules. For example, in one 
illustrative embodiment, the clathrin cage 106 is formed by adding biologically engineered 
clathrin proteins 106a-106f and adapter molecules 108a-108f, such as AP-2 and API 80, to a 
PIP2-containing lipid monolayer. According to one feature of the invention, the receptor 
molecules 104a-104f are biologically engineered to recognize and associate with specific 
molecules that serve as the cargo elements 102a-102f. According to another feature, the adapter 
molecules 108a-108f are biologically engineered to recognize specific receptor molecules 
104a-104f and couple the receptor molecules 104a-104f to the clathrin cage 106. 

0083 Alternatively, the clathrin cage 106 can be formed in vitro, without the vesicle 1 10, 
by changing the pH or ionic strength of the solution in which the clathrin proteins 106a-106f are 
located. 

0084 Below pH 6.5, purified clathrin triskelions self-assemble in vitro into a polyhedral 
lattice (cages) without vesicles, but typically only form cages at physiological pH in the presence 
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of stoichiometric quantities of purified AP-1 or AP-2 adaptor molecules or the neuron-specific 
assembly proteins AP-1 80 and auxilin. Recombinant hubs, formed from residues 1074-1675 of 
the clathrin heavy chain, are trimeric structures that reproduce the central portion of the three- 
legged clathrin triskelion, extending from the vertex to the bend in each leg, comprising the 
binding sites for clathrin light-chain subunits. Without light-chain subunits, recombinant hubs 
self-assemble reversibly at physiological pH, while hubs with bound light chains self-assemble 
below pH 6.5, similar to purified clathrin. Inhibition of hub assembly by light-chain subunits is a 
key to controlling spontaneous clathrin self-assembly at physiological pH. The mean curvature 
of baskets (cages without vesicles) is adjustable by the pH level and by other environmental 
conditions. As can be deduced from the formation of the microcages, a clathrin network can 
have such a pH-controlled curvature, even in the absence of a membrane bilayer. In addition, a 
conserved negatively charged sequence of three residues (23-25) in the clathrin light-chain 
subunits regulates the pH dependence of hub assembly. Also, two classes of salt bridge (high 
affinity and low affinity bridges) play a dominant role in driving clathrin assembly. Basket 
closure depends on the presence of TDD domains (terminal and distal domains). A connection 
between the proximal and distal domains is not required for curvature, and the TDD themselves 
can orient the assembling hubs in a favorable angle for polyhedron formation. 
0085 Figure 4 is a flow diagram 400 depicting, conceptually, the formation of a QIP 
element 100 according to an illustrative embodiment of the invention. The process by which the 
clathrin molecules 106a-106f obtain cargo molecules 102a-102f in vivo is known as endocytosis. 
The endocytosis process begins when proteins bound to receptors accumulate in coated pits, 
which are specialized regions of the membrane where it is indented and coated on its 
cytoplasmic side with a bristle-like coat composed of two proteins: clathrin and protein adapters. 
Referring to Figures 1 and 4, in the case where a vesicle 1 10 is desired, the cargo molecules 
102a-102f are initially located behind a membrane, such as a cytosol membrane 402. As shown 
at 410, the receptor molecules, such as the receptor molecules 104a, 104b and 104f, bond with 
the cargo molecules, such as the cargo molecules 102a, 102b and 102f, respectively, through the 
membrane 402. As shown at 420, the clathrin molecules, such as the clathrin molecules 106a, 
106b and 106f then bond through the adaptor molecules, such as the adaptor molecules 108a, 
108b and 108f, respectively, to the receptor molecules, such as the receptor molecules 104a, 
104b and 104f, respectively, to begin to form a clathrin coated vesicle (CCV) with icosahedral 
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symmetry. Regulatory processes within membrane 402 cause clathrin bud 404 to form at 420. 
As shown at 430 and 440, after forming completely around the bud 404, the clathrin cage 106 
pinches off (scissions) from the membrane 402 leaving it with the cargo molecules 102a-102f 
inside the vesicle 1 10, After excision, the bud 404 has evolved into clathrin cage 106, a 
complete CCV with a symmetric icosahedral structure. 

0086 The heat shock cognate protein, hsc70, helps to regulate the endocytosis aftermath of 
CCV uncoating and disassembly. In cells overexpressing ATPase-deficient hsc70 mutants, 
uncoating of CCVs is inhibited in vivo. In a preferred embodiment, an over expression of 
ATPase-deficient hsc70 mutants may be applied and hsc70 mutants additionally modified via 
bioengineering techniques to inhibit both CCV and non- vesicle cage disassembly, thereby 
maintaining CCV and clathrin cage integrity in the invention over prolonged periods of time in 
vivo and in vitro. 

0087 According to one illustrative embodiment, the above CCV assembly process is 
carried out by preparing clathrin-coated vesicles 1 10 for incorporation of QIP cargo elements, 
such as the cargo elements 102a-102f, from cytosolic preparations essentially as described in 
Takei, et al., Cell, 94: 131-141 (1998), incorporated by reference herein. Liposomes are 
prepared as described in Reeves, et al., J. Cell Physiol., 73: 49-60 (1969), incorporated by 
reference herein. Essentially, lipids are solubilized in a 1 :2 mixture of chloroform and methanol, 
and dried in a rotary evaporator. The preparation is rehydrated in a stream of water-saturated 
nitrogen for twenty minutes. Lipids are then placed in a flask with gently degassed 0.3M 
sucrose. The flask is flushed with nitrogen, sealed, and left undisturbed for two hours at 37 
degrees Celsius. Liposomes are then recovered by centrifugation at 12,000x g for ten minutes 
and resuspended in cytosolic buffer prior to incubation. 

0088 Cytosolic preparations are made by any convenient method. Numerous methods are 
described in the art. See, e.g., Huttner, et al., J. Cell Biol., 96: 1374-1388 (1983), incorporated 
by reference herein. Essentially, viable cells are collected by centrifugation and resuspended in 
hypotonic lysis buffer. Membranes are disrupted by homogenization, and the cytosolic fraction 
is collected after pelleting membrane debris. Briefly, cells obtained from culture are transferred 
to hypotonic lysis buffer (100 mM HEPES (pH7.9), 15mM MgC12, 100 mM KC1, 0.1M DTT) 
and centrifuged. The resulting pellet is resuspended in phosphate buffered saline and 
centrifuged. The supernatant is decanted. A volume of lysis buffer is then added that is about 
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five times the pellet volume. The pellet is gently resuspended and placed on ice in lysis buffer 
for 15 minutes. The suspension is then centrifuged for 15 minutes at 420 x g. The supernatant is 
removed and discarded and the pellet is resuspended in a volume of lysis buffer equal to twice 
the pellet volume. Cells are disrupted by ejection through a syringe, and the disrupted cells 
suspension is centrifuged at 10,000 x g for 20 minutes. The resulting supernatant is the cytosolic 
fraction. 

0089 Next, clathrin coated proteins are extracted from clathrin-coated vesicles 1 1 0 
obtained from organic tissue. According to one illustrative embodiment, bovine brain tissue is 
used. Coat protein is extracted from coated vesicles in a buffer containing 0.8M Tris-HCl (pH 
7.4), 2 mM EGTA, 0.03% sodium azide, 0.5mM DTT, and ImM PMSF for fifteen minutes at 
room temperature. The preparation is then centrifuged at 100,000 x g for one hour at room 
temperature to produce a supernatant containing soluble coat protein. The isolated proteins are 
used directly or frozen in liquid nitrogen at -70 degrees Celsius. 

0090 Clathrin-coated vesicles 1 1 0 are generated by incubation of liposomes ( 1 mg/ml) in 1 
ml of cytosolic buffer (25 mM HEPES-KOH (pH 7.4), 25 mM KC1, 2.5 mM magnesium acetate, 
150 mM K-glutamate) with 6mg/ml cytosol, 0.5mg/ml coat proteins with ATP (2mM final 
concentration) and GTPS (200uM final concentration). The resulting clathrin-coated vesicles 

1 10 can be visualized under electron microscopy as described below. 

0091 According to one illustrative embodiment, recombinant clathrin formation may be 
achieved in the following manner. Stoichiometric quantities of adaptor element 206 proteins 
AP-1 and AP-2 are required for clathrin self-assembly at physiological pH. However, in vitro 
clathrin self-assembly occurs spontaneously below about pH 6.5. Recombinant terminal and 
distal domain fragments are produced and combined with recombinant-produced hub fragments 
in assembly buffer as described below in order to induce formation of closed clathrin cages, such 
as the cage 106, for use in the invention. 

0092 Bovine clathrin heavy chain cDNA encoding heavy chain amino acids 1 - 1 074 (SEQ 
ID NO: 1) is cloned into the pET23d vector (Novagen) between the NcoI(234) and XhoI(158) 
sites. Expression of the cloned sequence results in a terminal and distal domain fragments 
having a C-terminal polyhistidine tag. Hub fragments corresponding to amino acids 1074-1675 
(SEQ ID NO: 2) are cloned into vector pET15b (Novagen) between the BamHI(319) and 
XhoI(324) sites. Expression of the hub fragments produces the proximal leg domain and central 
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trimerization domain of the clathrin hub with an N-terminal polyhistidine tag. Vectors 
containing the heavy chain and hub domains are expressed in E. coli by induction with 0.8 mM 
isopropyl-B-D-thiogalactopyranoside for 3 hours at 30 degrees Celsius. Expressed proteins are 
purified from bacterial lysate in binding buffer (50 mM Tris-HCl (pH7.9), 0.5M NaCl, 5 mM 
imidazole) in a nickel affinity resin using the polyhistidine tag. Proteins are eluted with 100 mM 
EDTA and dialyzed against 50 mM Tris-HCl (pH7.9). Hub fragments are further purified using 
size exclusion chromatography on a Superose 6 column (Pharmacia). 

0093 Clathrin assembly reactions are performed using expressed heavy chain and hub 
fragments by overnight dialysis at 4 degrees Celsius in assembly buffer (lOOmM 2-(N- 
morpholino) ethanesulfonic acid, pH 6.7, 0.5 mM MgC12, 1 mM EGTA, 1 MM Tris(2- 
carboxyethyl)-phosphine hydrochloride, 3 mM CaC12. Assembly reactions are centrifuged for 
5 minutes at 12,000 rpm. The supernatant is then centrifuged for 45 minutes at 45,000 rpm 
(100,000 x g). The pellets are resuspended in assembly buffer, and protein composition is 
determined on SDS-PAGE. The efficiency of cage 106 formation can be determined by electron 
microscopy by diluting assembly reactions 1 :5 in 10 mM Tris pH7.9, and placing aliquots on a 
glow-discharged carbon-coated grid, using 1% uranyl acetate as the stain. Cage 106 formation is 
assessed by counting the numbers of cages 106 having closed, defined edges and visible 
hexagonal/pentagonal lattice structure. 

0094 As mentioned above, the cargo elements 102a-102f may include various QIP and/or 
non-QIP cargo elements, in any combination,. By way of example, in some illustrative 
embodiments, the non-qubit cargo elements 1 02a- 102f include one or more nanoscale passive 
linear or nonlinear optic components and/or particle detectors, which when used in conjunction 
with various other QIP elements, including some that utilize qubits, are sufficient for 
implementing reliable quantum algorithms on a QIP platform. 

0095 In another illustrative embodiment, the cargo elements 1 02a- 1 02f include one or more 
photonic dots. The one or more photonic dots may be one or more quantum dots contained in 
three-dimensional nanocavities formed by cargo elements 102a-102f. 

0096 In further illustrative embodiments, free-floating qubits may be carried in cavity 
forming, non-permeable, cargo elements 102a-102f that contain a fluid or vapor, and/or be 
carried within a cavity forming, non-permeable vesicle 1 10 filled with a fluid or a vapor within 
cage 106, which free-floating qubits, for example, may be atomic ensembles for spin-based QIP. 
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In further illustrative embodiments, the cargo elements 102a-102f include one or more 
asymmetric resonant cavity nanolasers. 

0097 Preferably, some QIP elements include cargo, such as a molecule having an unpaired 
electron (e.g., a free radical, such as nitroxide), a transition metal ion, which can be found in the 
active centers of many proteins (metalloproteins), or a material having any defect that produces 
an unpaired electron. Non-QIP cargo elements may include, for example and without limitation, 
organic cosmetics, pharmaceuticals, biologicals, radioactive agents, magnetic iron oxide 
nanoparticles, or other substances, and also may include nano-scale biosensors, diagnostic 
systems, or other nano-devices for in vivo delivery of targeted therapy to combat diseases, such 
as cancer. In vivo delivery of such nano-biomedical systems may utilize a variety of techniques, 
like degradable coatings and nanoscale electro-mechanical systems, which are capable of being 
harmlessly dissolved or harmlessly passed through the body. Other non-QIP biomedical cargo 
elements may include, for example, intelligent nano-prostheses that supplement or enhance cell, 
tissue, or organ functioning, thereby providing them with augmented capabilities. Some or all 
such non-qubit cargo may operate under the control and influence of various other QIP elements, 
and comprise another type of QIP platform. 

0098 In operation, the self-assembling proteins that make up the QIP element 106 naturally 
shield the qubits contained within the cage 106 from electron charge transfers and prevent 
distortion of the cage 106. Such charge transfer and structure distortion would make cage 106 
unsuitable for quantum computation because rapid decoherence would occur. Thus, the clathrin 
cage 106 shields the qubit and non-qubit cargo, consequently reducing the tendency of the 
system towards decoherence. The shielding properties of the cage 106 also inhibit adverse 
charge transfer interactions between various cages and their respective qubit and non-qubit 
cargo. 

0099 According to a further feature, the protein receptors 104a-104f shield cargo elements 
102a-102f in the same clathrin cage 106 from interacting with each other. According to a further 
feature, the protein adaptors 108a-108f shield cargo elements 102a-102f in the same clathrin 
cage 106 from interacting with each other. According to another feature, the vesicle 110 shields 
cargo elements within vesicle 1 10 in the same clathrin cage 106 from interacting with each other. 
As another feature, the natural shielding capabilities of the cage 106 allow for direct molecular or 
chemical bonding of suitable qubit and non-qubit cargo elements to the cage 106 without causing 
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distortion of the cage 106, as exemplified by the non-distorting bonding of the adaptors 108a- 
108f and the receptors 104a-104f to the cage 106. 

00100 During processing operations, the cargo elements 102a-102f can be made to interact 
with, for example, an externally applied magnetic field. However, since the clathrin cage 106 is 
electrically neutral, only minimal (e.g., no) structural distortion of the clathrin cage 106 occurs in 
the presence of the magnetic field. Therefore, using the clathrin cage 106 to capture cargo 
elements 102a-102f protects and extends quantum coherence. 

0100 Figure 5 is an exemplary energy level diagram 500 illustrating the energy levels 
associated with a hyperfine interaction between electron and nuclear spin in the presence of 
magnetic fields of the type used to program information into and read information from the 
illustrative QIP element of Figure 1. The hyperfine interaction is a strictly quantum mechanical 
phenomenon. In an atom, the electron possesses an intrinsic quantum mechanical quantity 
known as spin. The nucleus of an atom also possesses spin. Intrinsic spin tends to generate a 
spin magnetic moment that is capable of interacting with other magnetic moments and fields. 
Generally, the spin magnetic moment of the nucleus does not interact with the spin magnetic 
moment of the electron. However, in the presence of a strong magnetic field, the spin magnetic 
moments of the electron and nucleus become coupled and interact. 

0101 When an external magnetic field 5 1 8 is applied to an atom, the electron spin may 
either be parallel or anti-parallel with the field or askew to the field. Parallelity is referred to as 
the "spin up" state and is denoted by e+ 502. Anti-parallelity is referred to as the "spin down" 
state and is denoted by e. 504. Generally, the spin down state represents quantum logical "0" 
state, |0) , and the spin up state represents quantum logical "1" state |l) . In the illustrative 
embodiment, a single qubit is represented by electron spin. In one illustrative embodiment, the 
electron spin interaction is used to program and read QIP elements using electron spin resonance 
techniques (ESR). In such an illustrative electron spin-based quantum computer embodiment, 
the spin sites within the self-assembling and insulative protein cage 106 may be physically 
manipulated and replicated in numbers, may possess inter-site interactions, and are isolated from 
their environment. 

0102 The same magnetic properties apply to nuclear spin with n+ referring to nuclear spin 
up 506 and 510, and thus a quantum logical |l) and n. referring to nuclear spin down 508 and 
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512, and thus, a quantum logical |o) . In another illustrative embodiment, the nuclear spin 

interaction is used to program and read QIP elements using nuclear magnetic resonance (NMR). 
Additionally, NMR may be combined with other QIP techniques, such as ENDOR, which 
combines the best aspects of ESR and NMR, to yield high sensitivity and nuclear selectivity, 
respectively. 

0103 A hyperfine interaction occurs in magnetic fields of strength greater than that of 
region B 516. For magnetic fields less than that of region B, i.e., region A 514, two one-qubit 
states may exist, illustratively named e+ 502 or e- 504 corresponding to the spin of the electron. 
These Iwo states may be generalized beyond electron spin to any information that may be used 
for quantum information processing or as a qubit, i.e., spin or energy. 

0104 By way of example, if a qubit is initially in some state representing (o) 504, a NOT 

operation can be performed by shining a pulse of light of appropriate wavelength on a qubit atom 
to force an electron to change energy levels. Thus, an electron initially in the ground state 
absorbs energy from the light pulse and is excited to the higher energy state. The wavelength of 
the applied light pulse must at least match the energy difference between the two energy levels 
separating the logic states (i.e., between the ground state and the excited state of the nitroxide) as 
governed by Planck's quantization law. 
E = f 

where 

E = energy difference between energy levels of orthogonal quantum logic states 

h = Planck's constant 

c = the speed of light, and 

X - wavelength of the applied pulse. 

If the pulse exceeds the energy required for excitation, the extra energy is emitted as a photon 
after the electron reaches the higher energy level, i.e., |l) . 

0105 In a further illustrative embodiment, an applied magnetic field interacts with the 
electron spin, but not with the nuclear spin, i.e., in the A region 514. This configuration gives 
rise to two one-qubit states using spin 1 0} 502, |l) 504. The NOT operation in this 

configuration involves changing the direction of the applied magnetic field 518. In one 
illustrative embodiment, the electron is excited using pulses of electromagnetic radiation while 
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maintaining its spin configuration. The source of the electromagnetic radiation may be, for 
example, an ordinary lamp, an LED, a time-varying magnetic field generator, a laser, or an 
electromagnetic field generator. In the illustrative embodiment, the electromagnetic source acts 
as a writing element. 

0106 The Hamiltoriian that represents the hyperfine interaction between the electron and 
nuclear spin appears in Dowling, J., Bowden, C, and Hotaling, S., Electron-Nuclear-Double- 
Resonance Quantum Computer (on file with inventor) incorporated by reference herein. The 
relevant spin interaction Hamiltonian is as follows: 

H = gu v H,S z e + gu„H n Sl r + JSlSlr + H(t) 
where g = gyromagnetic ratio, 
ja e = magnetic moment of the electron, 

S z e = intrinsic spin angular momentum tensor of the electron in the z direction, 
(in = magnetic moment of the nucleus, 

S Z N = intrinsic spin angular momentum tensor of the nucleus in the z direction, 

Ho = the DC magnetic field, and 

H(t) = the time-dependent spectroscopic protocol. 

For resonance purposes: 

H(t) = Ae~ iG * + Be i0 * where A and B represent complex amplitudes, e represents the Euler 

function, i represents V-T , co represents the resonant frequency of the nucleus and t represents 
time. According to the illustrative embodiment, H(t) is a pulse of a sinusoidally varying 
magnetic field designed to flip between two of the energy eigenstates 506, 508, 510 and 512 
representing a two-qubit state. 

0107 The interaction between the electron spin magnetic moment, nuclear spin magnetic 
moment, and the external magnetic field 518 gives rise to a four distinct, discrete energy levels 
506, 508, 510 and 512. Each of the four energy levels refers to a two-qubit state embodying one 
contribution of nuclear spin and one contribution of electron spin, namely |00) 512, |0l) 510, 

1 10) 508, |l l) 506. A hyperfine interaction gives rise to electron nuclear double resonance 

(ENDOR) computation techniques. According to one illustrative embodiment of the invention, 
ENDOR is used to program and read information from QIP elements such as the QIP element 
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100. According to another embodiment, room temperature EPR and ENDOR techniques known 
in the art for performing in vivo spin probe studies may be adapted for the invention. 

0108 Figure 6 is a simplified block diagram of a quantum computer 600 employing 
protein-based QIP elements of the type shown in Figure 1 at 100. The quantum computer 600 
includes components analogous to those of a classical computer, such as a quantum input/output 
(I/O) module 602, a quantum processor 604, and quantum memory 606. These components use 
the illustrative self-assembling protein molecules of Figure 2 as a building block. As shown, the 
quantum processor 604 includes an internal quantum I/O module 602 and/or an internal quantum 
memory 606. It should be noted that the boundaries between the components of Figure 6 are 
conceptual in nature and any of the components may be located within any of the other 
components or external to the quantum computer 600 without deviating from the scope of the 
invention. The illustrative quantum I/O module 602, the quantum processor 604, and the 
quantum memory 606 communicate with one another over quantum wires 620 and 624. An 
illustrative embodiment of such quantum wires are described in more detail below with respect 
to Figure 17. 

0109 Figure 7 is a block diagram depicting an illustrative embodiment of the quantum 
input/output (I/O) module 602 of Figure 6. The quantum I/O module 602 includes a writing 
module 704 and a reading module 708. The writing module 704 can write a state to a qubit 712 
such as the cargo elements 1 02a- 1 02f in the protein cage 1 06. Thus, in one embodiment, the 
writing module 704 changes the state of a qubit 712 from a |0) to a |l) . As described above, the 

writing module 704 can be a source of electromagnetic radiation. In some illustrative 
embodiments, the writing module 704 initializes the state of a qubit 712 within a QIP element 
100 by an optical pumping approach. 

0110 In another illustrative embodiment, the writing module 704 initializes the state of a 
qubit 712 within the protein cage 106 by ESR techniques. ESR detects transitions of unpaired 
electrons as observed in a magnetic field. In one preferred embodiment, the unpaired electron is 
a free radical molecule, such as nitroxide. The intrinsic spin magnetic moment of the electron 
interacts with the magnetic field to establish two distinct energy levels. The energy levels emit 
radiation, which can be used to observed spectroscopic absorptions by methodologies well- 
known in the art. 
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0111 In an alternative illustrative embodiment, the writing module 704 initializes the state 
of a qubit 712 within the protein cage 106 by NMR techniques. NMR may occur in classical 
fluids as disclosed by Gershenfeld & Huang, incorporated herein by reference. Gershenfeld, N. 
and Chuang, L., Quantum Computing with Molecules, Scientific American (June 1998). 
Application of a magnetic field B, such as the magnetic field 518 of Figure 5, tends to create an 
imbalance in spin alignments of nuclei. In one illustrative embodiment, a time-varying magnetic 
field is imposed at the resonant frequency of the nucleus involved. The imposition of this 
frequency causes nuclei to spin-flip. In some embodiments, imposition of the time-varying 
magnetic field acts as the writing module 704. 

0112 In a further illustrative embodiment, the writing module 704 initializes the state of a 
qubit 712 within the protein cage 106 by ENDOR techniques. ENDOR combines the best 
aspects of ESR and NMR, namely high sensitivity and nuclear selectivity, respectively. 
Optionally, ENDOR is performed by establishing a maximum magnetic field 518 value at which 
ESR signals occur, known as the ESR absorption signal. Next, an electromagnetic radiation 
source saturates the electrons with high power microwaves which causes electron heating. To 
mitigate the heating, and in some embodiments to maintain the operation at room or near room 
temperature, a sweeping time-varying radio frequency signal sweeps the configuration. 

0113 RF does not possess sufficient intensity to drive NMR, thus, in some illustrative 
embodiments, an RF amplifier amplifies the RF signal sufficiently to drive NMR while cooling 
the electrons. In one illustrative embodiment, the RF signal is produced by a laser. 

0114 The reading module 708 is a quantum device that can measure the state of either qubit 
712 or 716. The reading module 708 also may report the measurement. The reading module 708 
measures the state of an unknown qubit 712 directly. Preferably, the reading module 708 
measures the state of qubits 712 or 716 in a non-destructive manner (i.e., does not disturb the 
state of the qubit 712 or 716 if the qubit 712 or 716 was initially in state |0) or state |l) (and not 

in a superposition state)) according to a method depicted in and described below with respect to 
Figure 9. Although shown with two qubits 712 and 716, the protein cage 106 may have any 
number of qubits that the reading module 708 can measure. The reading module 708 may also 
use quantum jump or electron shelving measurement techniques to measure the final state of the 
qubit 716. 



24 



0115 Figure 8 is a block diagram depicting an exemplary encoder and decoder of the type 
employed by the illustrative input/output module 602 of Figure 6. In one illustrative 
embodiment, the I/O module 602 can also perform quantum error correction. According to the 
illustrative embodiment, the invention employs the quantum error correction method depicted in 
and discussed below with respect to Figure 9. Quantum error correction prevents significant and 
serious propagation of errors through the computing process. The error correction codes protect 
against qubit and phase errors, while allowing measurements to determine information about the 
error that occurred and nothing about the encoded data (to preserve its state). In one illustrative 
embodiment, the quantum error correction is performed as disclosed in Preskill incorporated 
herein by reference. Preskill, J., Reliable Quantum Computers, quant-ph/9705031 (1997). 

0116 The encoder 804 receives an input number of qubits 808 as input and also receives an 
input number of ancilla qubits 812. The ancilla qubits 812 are scratch qubits, coded to an initial 
state 1 0) . The encoder 804 uses a plurality of encoding qubits 8 1 4 to encode the input number of 
qubits 808. In one illustrative embodiment, the number of encoding qubits 814 employed is a 
predetermined number. In an alternative illustrative embodiment, the number of encoding qubits 
814 employed varies depending on the input number of qubits 808. The encoder 804 outputs the 
encoded qubits 816. In one illustrative embodiment, the encoder 804 includes a series of 
quantum gates. According to one feature, the encoding is checked by a measurement qubit or 
plurality of measurement qubits 818. In an alternative illustrative embodiment, a plurality of 
encoders 804 repeat the operation using the output qubits 816 as input qubits 808. In such an 
embodiment, sequences of encoders 804 and decoders 820 form quantum error correction 
elements. 

0117 A decoder 820 receives an encoded input 824 (e.g., the encoded qubits 816). The 
encoded input 824 is an encoded n-qubit state and outputs k qubits 828 together with n-k qubits 
832, which, with high probability, specify which error occurred. In one illustrative embodiment, 
the decoded output 828 represents the output of the QIP element 100. 

0118 Figure 9 is a schematic diagram illustrating a logic arrangement 900 for 
nondestructive^ measuring a qubit. According to the illustrative embodiment, the logic 
arrangement 900 is used to measure the output of a QIP element 100. In another illustrative 
embodiment, the logic arrangement 900 is used for quantum error correction. Nondestructive 
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measurement of a qubit requires coherence, and rather than being directly measured, the state of 
the qubit is inferred from the state of an entangled qubit. 

0119 In the illustrative embodiment, a plurality of qubits 902a-902f represent quantum 
inputs, e.g., qubits. An additional qubit 904 serves as the ancilla qubit. Measurement of the 
ancilla qubit allows an inference into the state of the unmeasured qubits 902a-902f. In one 
embodiment, the state of the input qubits 902a-902f after the measurement represents an output 
906. For example, in the XOR gate configuration depicted below with respect to Figure 1 1, a 
quantum logic gate uses two qubits for input qubits and includes two qubits as output qubits. 
Consequently, one of the two input qubits remains unchanged after the quantum logic operation, 
XOR, is performed. In one embodiment, the ancilla qubit contains a plurality of quantum XOR 
gates 908a-908c. The operator notation for an XOR gate 908 is © . 

0120 Figure 10 is a conceptual block diagram depicting an illustrative embodiment of the 
quantum processor of Figure 6. The quantum gates 1004a- 1004c enable the quantum processor 
604 to perform quantum computation. Each of the quantum gates 1004a- 1004c is located within 
a respective QIP element 1 006a- 1 006c of the type depicted at 1 00 of Figure 1 . Although each 
quantum gate 1004 is illustrated as being located within a respective QIP element, 1006a- 1006c, 
any number of the quantum gates 1004a- 1004c may be located within any number of QIP 
elements 1006a- 1006c. For instance, any or all of the quantum gates 1004a- 1004c of the 
quantum processor 604 may be located within a single QIP element 1006a as shown in Figure 1. 

0121 In one embodiment, chains of ordered sequences of QIP elements 1006a-1006c form 
the quantum computer 600. The QIP elements 1006a- 1006c may all have the same fillings (e.g., 
four qubits 102a-102d of nitroxide and fifteen non-qubits) or may have different fillings (e.g., the 
first QIP element 1006a has one qubit 102a and the second QIP element 1006b has four or more 
qubits 102a-102d). In one illustrative embodiment, a clathrin chain is created via a molecular 
bridge group. To align the QIP elements 1006a-1006c with respect to one another and with 
respect to an external magnetic field, the QIP elements 1006a- 1006c may be embedded into 
various materials, such as liquid crystal. Empty cage (non-cargo carrying) 106 QIP elements 
may also be used to self-align cargo carrying QIP elements 1006a- 1006c, and the entire QIP 
element assembly may be embedded in another material. 

0122 In one illustrative embodiment, unitary operations on the qubits 1 02a- 1 02f are 
quantum logic gates. In one embodiment, a single bit quantum gate 1004a- 1004c may be the 
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rotation of a single qubit 102a in the clathrin cage 106. For example, if a qubit 102a evolves as 
orthogonal state |0) -> |0) and orthogonal state |l) -> e tot |l) , then after time t the operation, or 

'gate' 

w=(;;) 

has been applied to the qubit 102a, where 0 = cot with co representing frequency and t 
representing time, e represents the exponential function, and P(6) is a rotation matrix 
representing the gate. 

0123 The quantum processor 604 can perform several quantum transforms with a quantum 
gate 1004 within a QIP element 100. Examples of transforms that operate on a single qubit 102a 
include the Hadamard gate (a radix-2, 1 -qubit Fourier transform), an identity transform (i.e., I, a 
quantum no-operation), a bit flip (i.e., X, a quantum NOT), a phase flip (i.e., Z, which changes 

the signs of amplitudes), a bit and phase flip (Y), a rotation by — (S), and a rotation by — (T). 

In an illustrative embodiment, a quantum gate 1004 performs any number of single qubit 
operations substantially simultaneously or concurrently. 

0124 Figure 1 1 is a schematic diagram of a two-qubit exclusive-OR (XOR) or controlled- 
NOT (CNOT) gate 1 100 used to perform a quantum computation and formed from QIP elements 
according to the invention. The quantum XOR gate includes two input qubits, one denoted 
"source" and labeled "a" 1 102, and one denoted "target" and labeled "b" 1 104. According to the 
illustrative embodiment, the qubits are entangled within a single QIP element 100 or 
alternatively, may be located within different QIP elements 100. Figure 1 1 represents the 
simplest configuration of a reversible quantum logic gate 1004. A controlled-NOT ("CNOT") 
quantum gate 1 100, or quantum XOR gate, is a building block for larger universal quantum 
gates. The controlled-NOT gate has the following truth table: 
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0125 Thus, with the CNOT gate 1 100, the output target qubit 1 1 10 is transformed 
according to the truth table of the exclusive-OR, while the source qubit 1 102 is unchanged as the 
output source qubit. Therefore, the target qubit 1 104 undergoes a classical logical NOT 
operation only if the source qubit 1 102 is in the orthogonal state |l) . The retention of the first 
qubit 1 108 makes the quantum XOR gate 1 100 reversible - the input is a unique function of the 
output. 

0126 The CNOT gate 1 100 supports creation of a universal quantum gate. The universal 
gate is created by combining the CNOT gate and an arbitrary unitary quantum gate V(0, <)>). The 
quantum gate V(9, <|)) can be a general rotation of a single qubit 1 12. V(0, (|>) can be represented 
by: 



V(0, 0 = 



cos(— ) - ie 14 sinA 
v 2 2 

-fe''sin(|) cos(|) 



where both ^and 0are irrational angles. 

Thus, a 2-qubit XOR gate 1 100 and a single-qubit rotation gate V(9, <|>) within the QIP element 
100 can form any nxn unitary matrix for n qubits. Therefore, the qubits within the QIP element 
100 can create a universal quantum gate. 

0127 Using the universal quantum gate, the quantum processor 602 can perform quantum 
calculations. Further, because the QIP element 100 is formed using a bioengineered protein, the 
cage 106 is highly scalable. For example, in some illustrative embodiments, multiple cages 106 
may be physically linked via molecular addends, but are not limited to such addend types. In 
other illustrative configurations, multiple cages 106 may be functionally linked via photonic, 
chemical, electromagnetic, electrical and/or quantum (non-classical) interactions, to work and 
cooperate locally and/or remotely. 

0128 Additionally, the cage 106 is insulative. This enables the cage to act as a shielding 
mechanism and preserve quantum coherence of the overall quantum computer 600. Thus, the 
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storage of the qubits within the clathrin cage 106 enables the decoupling of the qubits from the 
surrounding environment. In one embodiment, a single qubit comprises a cargo element 102 that 
renders the clathrin cage 106 itself a single qubit that is entangled with other QIP elements 100. 
In another embodiment, a plurality of qubits in a single clathrin cage 106 become entangled. 

0129 Referring to Figure 5 above, an XOR gate can be articulated using ENDOR as 
disclosed by DiVincenzo, incorporated by reference herein. DiVincenzo, D., Quantum Gates 
and Circuits, quant-ph/9705009 (1997). The XOR gate is used to measure the value of the 
source qubit 1 102. As mentioned above, in a preferred embodiment, the qubit is measured 
nondestructively. 

0130 Figure 12 is a schematic diagram of a three-qubit universal reversible logic gate 
known as a Toffoli gate and formed using QIP elements according to the invention. Universal 
logic gates are useful because from them a circuit may be assembled to evaluate any Boolean 
function. In classical logic circuits, the NAND gate is the universal gate, though it is not 
reversible. A Toffoli gate is the quantum analog of the NAND gate and requires three input 
qubits 1202, 1204, and 1206. Two of the input qubits remain intact after the XOR operation 
1220. The output values 1208 and 1210 of the two unchanged input qubits 1202 and 1204 
remain the same. The qubits are saved. The third qubit 1206 is "toggled" by the {a a b ) 
operation 1212. The truth table for a Toffoli gate is shown below: 
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The universality of a Toffoli gate 1200 can be shown with resort to the analogous digital NAND 
gate, replacing each NAND with a Toffoli and setting the third qubit 1206 equal to 1 . 
0131 Figure 13 is a conceptual diagram depicting a chain of clathrin cages within the 
quantum processor 602 of Figure 6. In one illustrative embodiment, the quantum processor 602 
includes a chain 1300 of QIP elements 1304a-1304f enclosing cargo elements 1306a-1306f, 
respectively, of two different quantum states. In particular, the quantum processor 602 utilizes a 
small number of identifiable spins placed in a regularly spatial pattern. The first 1304a, third 
1304c, and fifth 1304e QIP elements each have a respective first 1306a, third 1306c, and fifth 
1306e cargo element. The second 1304b, fourth 1304d, and sixth 1304f QIP elements each have 
a respective second 1306b, fourth 1306d, and sixth 1306f cargo element. The first 1306a, third 
1306c, and fifth 1306e cargo elements are also collectively referred to below as an A molecule. 
Similarly, the second 1306b, fourth 1306d, and sixth 1306f cargo elements are also collectively 
referred to below as a B molecule. In one illustrative embodiment, utilizing a quantum cellular 
automata quantum computing architecture, but the invention is not limited to utilizing such 
architectures, the A and B molecules 1306a-1306f have different, identifiable spin species, and 
for example, the A and B molecules respectively may correspond to a distinctive chemical 
variant of a nitroxide molecule. In one illustrative embodiment, either the nuclear spin or the 
electron spin of the A and B molecules represent qubits. In the illustrative embodiment, the QIP 
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elements 1304a-1304f are arranged in alternating linear patterns such that the molecules form a 
chain configured alternatively, e.g., ABABAB. 

0132 The quantum computer 600 manipulates the quantum information encoded in this 
spin chain 1300 via global addressing techniques. Thus, in one illustrative embodiment, a qubit 
is encoded into four spin sites of the cargo elements 1306a-1306f with a buffer space of four 
empty spin spites between each logical qubit. 

A U 

0133 To create the quantum gates of Figures 1 1 and 12, a unitary operator A — is first 

\ smrl tVif* Qnin Hnwn state as lo\ , A — is the conditional 

IVttilijVU. lyviivuii^ wiv v»|/i/w*w **w j * i %~»*~ — ~ ~r — ~ \~ I b ~ ~ J" — " * 

application of the unitary U to the A qubits in the alternating qubit chain 1300 ABABAB, 
depending on the state of A's neighboring B qubits. In a preferred embodiment, the qubits are 

A U 

represented by spin states. Regarding A — ,/is the sum of the states of the neighboring B spins. 

Regarding B y ,/is the sum of the states of the neighboring A spins. Thus, if/= 1, A y is the 

conditioned application of Uto all A spins in the alternating chain 1300 which have neighboring 
B spins that are different from each other. In one embodiment, the I/O module 602 sequences 

A U A JJ 

the application of A — and B y to generate the single qubit operations and the two-qubit 

CNOT operations. In particular, to move quantum information across the cargo elements 1306a- 
1306f through the spin chain 1300, the quantum I/O module 602 applies an alternating pulse 

sequence of A ^y— followed by B ^y^" » while ^ generation of a control-U between two 

neighboring logical qubits requires a predetermined number of global pulses. The application of 
the above two pulse sequences results in a quantum CNOT gate within the QIP element 1304a. 
In a preferred embodiment, the global addressing pulses include electromagnetic field pulses that 
interact with the qubits. In another illustrative embodiment, ENDOR includes the values of the 
pulses. 

0134 Figure 14 is a flow diagram depicting exemplary steps performed by the quantum 
processor of Figure 6 to perform quantum operations. The first step 1410 involves initializing a 
local qubit bus 1352 to ground state. In a preferred embodiment, the qubits exist within QIP 
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elements 1304a-1304f. In another embodiment, the qubits exist in joined QIP elements 1304a- 
1304f according to the method of Figure 10. In one illustrative embodiment, the quantum 
information is stored in the electron spins of the cargo elements 1306a-1306f. In another 
illustrative embodiment, the quantum information is stored on the nuclear spin of the cargo 
elements 1 306a-1306f. In one illustrative embodiment, this initialization occurs with a spin 
cooling quantum algorithm to spin cool all of the nuclear and electron spins to the ground state. 
In another illustrative embodiment, initialization occurs with spin initialization imposed by an 
external magnetic field. 

0135 Referring again to Figure 13, to execute a unitary operator, the inner cargo elements 
1306b-1306e become a local "bus" 1352 for the quantum information stored in the nuclei of the 
cargo elements 1306a-1306f that act as qubits. In the illustrative embodiment, the cargo 
elements 1306a-1306f are molecules whose electron or nuclear spin represent quantum 
information including qubits. In the illustrative embodiment, the algorithm begins in step 1410 
by initializing the bus 1352 to the ground state of a cargo element including nuclear spin as a 
qubit Because the nucleus is presumed to be a fermion, it possesses ground state spin denoted 
by \m s ) = | — 1 / 2) for all of the molecules 1306b-1306e that exist in the bus 1352. According 

to the illustrative embodiment, this initialization occurs with a spin cooling quantum algorithm to 
spin cool all of the nuclear and electron spins to the ground state. In a particular embodiment, 
application of RF waves mediate the spin cooling. Subsequent to the initialization, an arbitrary 
pattern of quantum information is written onto the nuclear spins of the A and B molecules 
1306a-1306f within the clathrin cages 1304a-1304f, respectively. The quantum processor 602 
then swaps 1420 the quantum information of the first cargo element 1306a from the nuclei to the 
electron of the first molecules in the local bus 1306b. In the illustrative embodiment, the swap 
operation 1420 is performed using multiple CNOT operations using the method described with 
respect to Figure 1 1 . The quantum computer 600 then tags 1430 the first cargo element 1306a 

A JJ 

receiving the unitary operation U in A — by performing a spin-flip on all of the electrons in the 

bus 1352 in the where the state of neighboring electrons exists in an opposite quantum logic 
state. The quantum computer 600 then undoes the swapping step 1420 by swapping 1440 the 
quantum information back into the nucleus of the last cargo element 1304f from the electron of 
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the last cargo element 1306e of the local bus 1352. The quantum state of the information 
transmission is inferred from the state of the last cargo element 1304f. 

0136 The quantum computer 600 then performs a controlled-U operation 1450 on the 
nuclear qubits of all of the cargo elements 1306a-1306f within the QIP elements 1304a-1304f 
using the electron qubits of the molecules in the bus 1352 as a control In one embodiment, the 
quantum processor performs the controlled-U operation essentially as discussed referring to 
Figure 13. In step 1460, the quantum computer 600 undoes the previous steps to initialize the 
QIP elements 1304a-1304f for the next global operation 1400. Thus, the quantum processor 602 
swaps the information from the nucleus to the electron on the first cargo element 1306a, undoes 
the tagging 1430 of the adjacent molecules 1306b-1306f, respectively, and then swaps 1440 the 
quantum information back from the electron of the last cargo element onto the nucleus of last 
cargo element 1306f. The quantum processor 602 consequently re-initializes the system in the 

A U 

manner described above after performing the global operation A — . 

0137 Figure 1 5 is a block diagram depicting an illustrative embodiment of the quantum 
memory 606 of Figure 6. The illustrative quantum memory 606 includes one or more quantum 
registers 1504a-1504d. The quantum registers 1504a-1504d each include one or more QIP 
elements 1506a- 1506c of the type depicted at 106 in Figure 1. Each QIP element 1506a- 1506c 
includes one or more cargo elements 1508a-1508c of the type depicted at 102 in Figure 1. As in 
Figure 1, one or more of the cargo elements 1508a- 1508c include qubits. The QIP elements 
1506a- 1506c operate as the respective quantum register 1504a- 1504c. As discussed above, due 
to superposition, each qubit can be programmed into a logic 0, logic 1 or a superposition of both 
states. For example, the QIP element 1506a carries a first cargo element 1508a including a first 
qubit, a second cargo element 1508b including a second qubit, and a third cargo element 1508c 
including a third qubit. Unlike a classical 3-bit register, which can store only one out of eight 
possible logic states (e.g., 000, 001, 010, etc.) at any one time, a QIP element, such as the QIP 
element 1506a, can have three qubits storing all eight possible logic states simultaneously at any 
given moment in time. Further, due to the icosahedral symmetry of the clathrin cage, employed 
in the illustrative QIP element 1506a it can carry a large number of cargo elements, such as the 
cargo elements 1508a- 1508c, thereby increasing the storage capacity of each QIP element 
1506a- 1506c. 
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0138 According to one illustrative embodiment, the total cargo carrying number limit is 
receptor-type and cargo-type dependent. Cargo size and shape also play a role. The heavy chain 
terminal domain provides multiple interaction sites for a variety of adaptor proteins that bind 
ligands. Additionally, molecular tethers and direct cage bonding may be employed in 
combination with receptors to increase cargo carrying capacity. Also, non-qubit-only QIP 
elements singly or when chained together, may further increase payload capacity. 

0139 In this way, the QIP elements 1 506a- 1 506c perform in an analogous fashion to 
conventional storage registers, however, with increased storage capacity. As the number of 
qubits 1508a- 1508c increases, the storage capacity of the clathrin cage 1506a increases 
exponentially (e.g., L qubits can store 2 L numbers at once) based on superposition. To increase 
the storage capacity of the quantum memory 606 even further, any number of QIP elements 
1506a- 1506c can be linked together according to the method depicted with respect to Figures 4 
and 10. For example, the QIP element 1506a physically links to a second QIP element 1506b via 
their respective clathrin cages with molecular addends. Alternatively, for example, the QIP 
element 1506a functionally links to a second QIP element 1506b via photonic, chemical, 
electromagnetic, electrical and/or quantum (non-classical) interactions, and so linked can work 
and cooperate both locally and remotely. Although described above with respect to the QIP 
elements 1506a- 1506c, in one embodiment, the description applies to any number of QIP 
elements, in any of their embodiments. 

0140 Figure 16 is a block diagram depicting illustrative states of the quantum memory 606 
of Figure 6. Figure 16 shows an illustrative embodiment of a first state 1602 and a second state 
1604 of a quantum register 1601 of the type depicted at 1504a in Figure 15. For simplicity, in 
the illustrative embodiment of Figure 16 each QIP element 1506a-1506c is analyzed as having 
only a single cargo element. However, as discussed above, each QIP element may include any 
suitable number of cargo elements. As shown, a quantum register 1601, so configured, contains 
eight possible quantum logic states. When the quantum register 1601 is in a first state 1602, the 
three qubits (one located in each QIP element 1506a-1506c include all possible three-qubit 
quantum logic states 1606 simultaneously (because of superposition). Thus, the three qubits 
include the linear sum of all possible quantum logic states: ai |000) + a 2 |00l) + a 3 |010) + 

a4 1 0 1 1) + a 5 1 1 00) + a6 1 1 0 1) + a 7 1 1 1 0) + a 8 1 1 1 1) , where aj -a 8 (aj) are unknown coefficients whose 
normalized probability is unity. When the quantum processor 604 implements a quantum 
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function 1608 on the contents of the quantum register 1601, the processor 604 performs the 
function 1608 on all of the qubits in the quantum register 1601. Thus, the initial superposed 
quantum logic states of the qubits evolve into a second superposed quantum logic state 1610. In 
this second quantum logic state 1610, the quantum logic state may include the same or a 
different configuration of the qubits and the three qubits include the linear sum of all possible 
resultant quantum logic states: bi|000) +b 2 |00l) +b 3 |010) + b 4 |01 1) + b 5 |l00)+ b 6 |l0l) + 

b 7 |l 10)+ bg|l 1 1) , where bi-b 8 (bi) are unknown coefficients that are the result of the function 
1608 on the coefficients of the first quantum logic state 1606. Similar to the ai coefficients, the 
normalized probability of the bj coefficients is unity. Each coefficient a { and b\ represents a 
probability amplitude indicating the probability that a measurement will yield the physical logic 
state associated with that coefficient. In the illustrative embodiment, the quantum processor 604 
enables parallel, highly scalable computing by one or more of the QIP elements 1506a-1506c. 

0141 The quantum memory 606 utilizes encoded information contained in the 
decoherence-preventive space of cage 106 or contained in the decoherence-preventive space of 
vesicle 110 within cage 106. According to one illustrative embodiment, the quantum memory 
606 is a single quantum gate in which a light source (e.g., a laser) addresses a single cargo 
element 1 02a- 102f within a QIP element 100 and to read and write to the QIP element 100. 
Further, the quantum memory 606 depicted with respect to Figure 6 uses other QIP techniques 
known in the art, as the basis of the quantum register 1504a- 1504c. 

0142 Other illustrative quantum memory 606 room temperature embodiments that utilize 
techniques known in the art include, but are not limited to: 1) ESR and free radical molecules 
like nitroxide, wherein the nitroxide molecule acts as long-lived qubit memory; 2) ESR and a 
quantum dot, wherein the quantum dot is operated as a spin-memory; 3) Laser-based encoding 
of ions that are confined along the axis of a nanoscale linear radio-frequency (RF) trap; and 4) 
Using a laser to fully entangle the collective spin of an ensemble of atoms in an atomic vapor 
that is encapsulated in a cavity. 

0143 Some of these 606 memory embodiments, as well as some other QIP element 100 
embodiments, may also exploit the Coulomb blockade-like properties of self-assembled proteins, 
wherein a single particle at a time may move through a transmembrane protein-based channel. 

0144 Figure 17 as a conceptual representation 1700 illustrating how QIP elements of the 
type depicted at 100 in Figure 1 communicate along a quantum wire 1701 according to an 
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illustrative embodiment of the invention. In a particular illustrative embodiment, the quantum 
wire 1701 connects the qubits 1704 and 1708 in one or more QIP elements 100. 

0145 One illustrative embodiment of the quantum wire 1701 utilizes passing of information 
along a line of quantum devices, or a "swapping channel", for short communication distances. In 
some ways, swapping channel quantum wire 1701 resembles a quantum-cellular automata wire, 
and is similar operation to the AB AB quantum cellular automata architecture embodiment 
discussed above, except without duplication of data capabilities. 

0146 In another illustrative embodiment, the quantum wire 1701 is a coherent quantum 
nanowire using self-assembled proteins, wherein electron transport is confined to a single 
dimension and a single electron may be transported over the molecular quantum wire 1701. The 
molecular quantum wire 1701 may be an angstroms long molecular tether comprised of self- 
assembled organic compounds, which may also be metal-coated proteins, and which material and 
structural techniques are known in the art. In one illustrative embodiment, the molecular 
quantum wire 1701 may be chemically bonded to the qubit cargo elements 102a-102f, which are 
quantum dots; wherein the spin of a single electron confined in a quantum dot is used as qubit. 
The quantum wire 1701 may connect and control qubit interactions between the qubits 1704 and 
1708, and the quantum wire 1701 may serve multiple functions. The molecular quantum wire 
1701 may be an electrically or optically active molecular structure. 

0147 Another illustrative embodiment of a quantum wire 1701 is a nano-photonic quantum 
wire and utilizes an ultrabright, ultralow threshold, Q-switched ARC nanolaser and its strongly 
directional output. In this embodiment, the nano-photonic quantum wire 1701 is a photonic 
analog of the molecular electronic quantum wires. In the case of the photonic wire 1701, 
photons are confined to propagate in one dimension, which leads to a modification of photon 
density of states. Then nano-photonic quantum wire 1701 may connect the qubits 1704 and 1708 
over short, medium and long distances, which distances are dependent on waveguide materials 
and designs known in the art. 

0148 In one illustrative embodiment, the nano-photonic quantum wire 1701 and the 
quantum memory 606 may be combined with an ultrabright source of polarization-entangled 
photons generated via an ARC nanolaser, which constitute a QIP platform quantum 
communications that permit quantum computers to be networked and to enable secure 
communications. 
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0149 The QIP elements 1 00 may also communicate over arbitrarily long distances by 
transmitting a quantum state between two spatially separated qubits 1704 and 1708, without 
actually transmitting any quantum data (i.e., teleportation). The location of the first qubit 1706 
may be, for example, in a first QIP element, such as the QIP element 100, and the location of the 
second qubit 1708 may be, for example, in a second, similar QIP element. Steane, incorporated 
herein by reference, discloses the theory of qubit teleportation. Steane, A., Quantum Computing, 
Rep. Prog. Phys. v.61, pp.1 17-173 (1998). 

0150 Time is depicted in Figure 1 7 as progressing from left to right. The illustrative 
example 1700 employs two entangled qubits 1702 and 1704 whose quantum logic state is known 
and one qubit 1706 whose quantum logic state is unknown. The data carried by the qubit 1706 
in the unknown quantum logic state can be nondestructively transmitted to the qubit 1708. In the 
illustrative embodiment, the entangled pair 1702 and 1704 can be represented by the state 

1 00) + |l l) . Without a loss of generality, the state of the qubit 1706 may be depicted by 

|^) = fl)0) + A|l) 

such that a and b are unknown coefficients. | <f>) is the state of the unknown qubit 1706. Thus, 
the combined quantum logic state of the three qubits 1702, 1704 and 1706 may be represented 
by: 

fl|000) + 6|l00) + a|01l) + 6|lll). 

0151 To transmit the unknown state of the qubit 1706 from its location, a Hadamard 
operation 1716 is applied to the first entangled qubit 1702 and then a CNOT quantum operation 
1720 is applied to both qubits 1702 and 1704 in known quantum logic states. Thus, before a 
quantum computer, such as the quantum computer 600, measures the unknown qubit 1706 and 
the first entangled qubit 1702, the state is represented by: 

1 00)(a 1 0) + b\ 1)) + 1 0 l)(a\ 1) + b\ 0)) + 1 1 0)(a| 0) - b\ l)) + 1 1 \){a\ \)-b\ 0)) Equation 1. 

0152 The quantum computer 600 then uses a CNOT quantum gate 1 724 and a Hadamard 
gate 1728 to measure the quantum logic state of the unknown qubit 1706. The measurement 
collapses the combined state of the qubits 1702 and 1704 into one of the four different 
possibilities represented by each term of Equation 1. In the illustrative embodiment, the 
measurement yields two classical information bits 1732 and 1736. The quantum computer 600 
then transmits the two classical bits 1732 and 1736 to the second location 1708. From the 
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information transmitted by the classical bits 1732 and 1736, it can be determined which of the 
quantum gates (e.g., I, X, Z, Y), described with respect to Figure 10, is necessary to place the 
quantum logic state of the second entangled qubit 1704 into a state such that a|o) + b\l) = |^) . 

Thus, the qubit 1708 retrieves the quantum information of the unknown qubit 1706. 

0153 The quantum logic state transmitted to the qubit 1708 may later be used as an 
unknown input quantum state to iterate the cycle. The illustrative transmission of quantum 
information may be used in quantum error correction described above with respect to Figure 8. 
In such an embodiment, the transmitted quantum state may include an input qubit 808, a 
measurement qubit 818, an ancilla qubit 812, and/or an output qubit 816. 

0154 Preferably, a measurement element 1740 of the entangled quantum logic states and 
the unknown qubit state is realized using ENDOR spectroscopy. In other embodiments, the 
measurement element is realized using ESR or NMR spectroscopy. 

0155 The above described embodiments have been set forth to describe more completely 
and concretely the present invention, and are not to be construed as limiting the invention. It is 
further intended that all matter and the description and drawings be interpreted as illustrative and 
not in a limiting sense. That is, while various embodiments of the invention have been described 
in detail, other alterations, which will be apparent to those skilled in the art, are intended to be 
embraced within the spirit and scope of the invention. 

0156 In view of the foregoing, what is claimed is: 
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